Abstract Arctic precipitation is predicted to increase this century, with dramatic consequences for high-latitude systems. Observations remain spatiotemporally limited, hampering determination of the forcings causing wetter Arctic conditions, although two mechanisms have been proposed: enhanced local evaporation and greater poleward atmospheric moisture transport. Here a subcentennial-resolution multiproxy lake sediment record from western Greenland sheds light on these mechanisms. Cool summers throughout the Northern Hemisphere and in western Greenland 9 to 8 ka are associated with aridity in this region, via reductions in local evaporation and in meridional moisture gradients, which suppressed poleward moisture transport. Summers became more humid starting 8.1 ka, mainly due to increased evaporation from warmer Arctic seas but also to increased poleward moisture transport caused by hemispheric warming. This record provides independent support for predictions of both enhanced local evaporation and increased poleward moisture transport causing wetter Arctic summers in step with global ocean and atmosphere warming.
Introduction
Precipitation exerts strong impacts on, and feedback with, multiple aspects of the Arctic, including economic sectors, marine and terrestrial ecosystems, and the cryosphere (Larsen et al., 2014; Vaughan et al., 2013; Wrona et al., 2016) . Recent sea ice loss and increases in Arctic river discharge have spurred interest in high-latitude precipitation (Kopec et al., 2016; National Snow and Ice Data Center, 2018; Zhang et al., 2013) , which is predicted to increase by 2100 CE (Bintanja & Selten, 2014) . There are two possible causes of increased high-latitude precipitation: enhanced dynamic poleward atmospheric moisture transport (hereafter, poleward moisture transport) or increased evaporation from warmer Arctic seas (Bintanja & Selten, 2014; Kopec et al., 2016; Zhang et al., 2013) . Short observational records make it difficult to determine which of these causes dominates Arctic precipitation change (Dufour et al., 2016) . Despite its potential importance, observed trends in poleward moisture transport are poorly represented in general circulation models and reanalysis data sets (Bintanja & Selten, 2014; Dufour et al., 2016; Frankenberg et al., 2009) . Moreover, although seasonal precipitation changes may be caused by different mechanisms (Bintanja & Selten, 2014; Skific & Francis, 2013) , observations rarely examine seasonal variability (Kopec et al., 2016 ; Screen & Simmonds, THOMAS ET AL. 1 2012; Zhang et al., 2013) . There is a critical need for longer data sets of seasonal Arctic climate to assess model predictions, particularly during periods of warm climate and abrupt change, which serve as partial analogs for the future.
We reconstruct summer temperature, precipitation hydrogen isotopic composition (δ 2 H), and aridity on western Greenland (Figure 1 ). Today, western Greenland precipitation is derived from local evaporation from the Labrador Sea and Baffin Bay and from poleward moisture transport via cyclones passing through the Labrador Sea and into Baffin Bay (Bintanja & Selten, 2014; Dufour et al., 2016; Sodemann et al., 2008) . Our records span 9.5 to 7.2 ka (ka = thousand years before 1950 CE), a period of relative warmth in the Arctic (Kaufman et al., 2004) and western Greenland McFarlin et al., 2018) , which was punctuated by abrupt cold events at 9.2 and 8.2 ka (Alley & Ágústsdóttir, 2005; Kobashi et al., 2017) . Ice cores provide high-resolution records of temperature, ice accumulation, and precipitation δ 2 H and oxygen isotopes (δ 18 O) but are confined to high-elevation sites near the center of ice sheets and ice caps, and cover only a fraction of the terrestrial Arctic. Ice accumulation across the Greenland Ice Sheet reached a Holocene maximum around 8 ka, with lower values during the 8.2 ka event (Cuffey & Clow, 1997; Dahl-Jensen et al., 1993; Rasmussen et al., 2013 Lesnek & Briner, 2018; Young et al., 2011; 4 Ayr Lake, Young et al., 2012; and 5 Sam Ford Fiord, Briner et al., 2009) , ice cores (black triangles), marine cores (black circles), ocean surface currents (warm currents red, cool currents blue), median winter (gray dashed lines), and summer (gray dotted lines) sea ice extent CE 1981 (National Snow and Ice Data Center, 2018 . Approximate regions of local (orange) and distal (blue; <50°N; Sime et al., 2013) 
Methods and Approach
To quantify seasonal and spatiotemporal patterns of Arctic terrestrial climate variability, and to assess the mechanisms driving these patterns, we generated a subcentennial-resolution, multiproxy record at a lowelevation coastal site on western Greenland. We present organic geochemical records from a radiocarbon-dated sediment core from Sikuiui Lake on Nuussuaq (70.218°N, 51.123°W, 604 m above sea level; Figures 1, 2, and S1; Blaauw & Christen, 2011; Reimer et al., 2013; Schweinsberg et al., 2017; Thomas et al., 2018) .
We use branched glycerol dialkyl glycerol tetraethers (brGDGTs; Buckles et al., 2014; De Jonge et al., 2014; Foster et al., 2016; Hopmans et al., 2016; Keisling et al., 2017; Loomis et al., 2012 Loomis et al., , 2014 Pearson et al., 2011; Schouten et al., 2002; Shanahan et al., 2013; Sun et al., 2011; Tierney et al., 2012; Weijers et al., 2007; de Wet et al., 2016) to reconstruct summer temperatures following a recently developed method that fully separates the 5-and 6-methyl brGDGT isomers (Hopmans et al., 2016) and applying the MBT 0 5ME index (De Jonge et al., 2014 ; supporting information). Presently, only two lake temperature calibrations exist for the MBT 0 5ME index that were developed using the same analytical method (Hopmans et al., 2016) ; one is based on alkaline Chinese lakes (Dang et al., 2018) and the other on African Lakes (Russell et al., 2018) . As brGDGT distributions in Sikuiui Lake are distinct from those of the alkaline Chinese lakes (Dang et al., 2018) but similar to those from the African lakes (Russell et al., 2018) , we chose to apply the Russell et al. (2018) temperature calibration (Supporting Information, Figure S2 ). Analysis of a Sikuiui Lake surface sediment sample yields a temperature of 0.7°C using this calibration, which is cooler than the early Holocene temperatures. We recognize that an African lakes calibration (Russell et al., 2018) may not be appropriate to apply to Arctic lakes but note that the calibration only influences the resulting absolute reconstructed temperature values. Therefore, we urge caution against interpreting the temperature values presented here, but nevertheless, trends in these data (i.e., the timing of warmings and coolings) remain robust (supporting information).
We use hydrogen isotope ratios of aquatic plant leaf waxes (nC 23 , δ 2 H aq ; Aichner et al., 2017; Bennike, 2000; Daniels et al., 2017; Eglinton & Hamilton, 1967; ESRI, 2017; Ficken et al., 2000; Gao et al., 2011 Gao et al., , 2014 Hou et al., 2007; Huang et al., 2004; Jonsson et al., 2009; Kahmen et al., 2013; Linderholm et al., 2018; Muschitiello et al., 2015; Nichols et al., 2009; Rach et al., 2014; Sachse et al., 2004 Sachse et al., , 2012 Thomas et al., 2014) to reconstruct Sikuiui Lake water δ 2 H (Supporting Information, Figures S3-S5 ). Due to its small volume (3.7 × 10 À4 km 3 ), Sikuiui Lake is rapidly flushed by spring snowmelt, and then continuously flushed by summer rainfall (Table S1 ). During relatively wet summers today, the lake has a 2-month residence time (Supporting Information, Table S1 ) and should be completely flushed by summer precipitation, meaning that δ 2 H aq reflects summer precipitation δ 2 H. During relatively dry summers today, the lake has an 8-month residence time (Table S1 ) and may only be partially flushed by summer precipitation, such that δ 2 H aq would reflect a mixture of summer and winter precipitation δ 2 H. The residence time of Sikuiui Lake is short enough that it likely does not experience evaporative enrichment (Jonsson et al., 2009) . We therefore present two interpretations of Sikuiui Lake δ (c) Labrador Sea and Baffin Bay summer SST (Gibb et al., 2015) ; (d) Sikuiui Lake ε terrestrial-aquatic , inferred relative humidity (RH) anomalies relative to 7.8 to 7.3 ka mean; (e) NEEM accumulation (Rasmussen et al., 2013) ; (f) Lake CF8 cold stenothermic chironomids are more abundant during cold intervals, y-axis reversed (Axford et al., 2009 ); (g) Sikuiui Lake branched glycerol dialkyl glycerol tetraether-inferred summer temperature, the MBT 0 5ME calibration of Russell et al. (2018) was used; (h) GISP2 temperature (Kobashi et al., 2017) ; (i) time-distance diagram for Fjord Stade Moraines (Young et al., 2011) . (b to h) The bold line represents median value of age model iterations; the fine line represents record on one age model; the light and dark shading represent 1 and 2 sigma age uncertainty, respectively (Comboul et al., 2014; McKay et al., 2018; McKay & Emile-Geay, 2016) . The vertical colored bars in b, d, and e represent 1 sigma proxy uncertainty. the proportion of summer precipitation amount relative to total annual precipitation amount.
Terrestrial plant leaf waxes in the Sikuiui Lake catchment are produced during the July to August growing season (Freimuth et al., 2017; Gao et al., 2012; ORNL DAAC, 2008 H-enrichment, which increases as relative humidity (RH) decreases in midlatitudes and high latitudes (supporting information; Aichner et al., 2010; Bush et al., 2017; Rach et al., 2017; Shuman et al., 2006; Thomas et al., 2016) . Summer soil water reflects summer precipitation δ 2 H (Cooper et al., 1991) .
All n-alkane chain lengths at Sikuiui Lake (C 23 , C 25 , C 27 , and C 29 ) contain similar δ 2 H values, and change at a similar time, except δ 2 H C23 , which follows a similar pattern, but is 2 H-depleted compared to the other chain lengths from approximately 9 to 8 ka (Figures 2 and S5) Precipitation isotopes are affected by local condensation temperature, moisture transport history, and the isotopic composition of moisture sources (Dansgaard, 1964; Thomas et al., 2014) . We assess the impact of each of these parameters on the Sikuiui Lake δ 2 H and GISP2 δ 18 O records. We remove the effect of local condensation temperature from Sikuiui Lake δ 2 H aq using brGDGT-inferred summer temperature and from GISP2 δ 18 O using gas-fractionation-inferred annual air temperature (Kobashi et al., 2017; Stuiver et al., 1995;  Figure 3 ; supporting information). Temperature changes from 9.7 to 7.0 ka at GISP2 and Sikuiui Lake had similar amplitudes (approximately 4 to 5°C; Figure 2 ; Kobashi et al., 2017) . We convert temperature to δ 18 O using the average Greenland Holocene temperature-δ 18 O relationship of 0.36‰/°C (Kobashi et al., 2017 ) and temperature to δ 2 H using this same relationship multiplied by 8 (2.88‰/°C; Dansgaard, 1964) . Local condensation temperature had a large impact on GISP2 δ 18 O (Figures 3c and 3d ; temperature y axis scaled to its effect on δ 18 O).
18
O-depleted events in the GISP2 temperature-corrected δ
O record were synchronous with reconstructed freshwater inputs to the Labrador Sea and the North Atlantic Ocean (Jennings et al., 2015; Teller & Leverington, 2004; Törnqvist & Hijma, 2012; Figures 3c, 3e, and 3f O record, a pattern also observed in model sensitivity tests (Faber et al., 2017) .
In contrast to the GISP2 δ 18 O record, Sikuiui Lake δ 2 H aq was minimally impacted by local condensation temperature because the amplitude of the Sikuiui Lake δ 2 H aq record is much larger than the δ 2 H changes caused by local condensation temperature (Figures 3a and 3b ; temperature y axis scaled to its effect on δ 2 H). Because both Sikuiui Lake δ 2 H aq and δ 2 H ter contain 25‰ shifts 8.8 and 7.7 ka, these large changes likely reflect changes in summer precipitation δ 2 H. The changes in summer precipitation δ 2 H do not coincide with regional freshwater pulses or with Laurentide Ice Sheet iceberg rafting in the Labrador Sea (Figures 3b, 3e, and 3f) . Moreover, salinity in Baffin Bay was constant after 9.5 ka (Gibb et al., 2015) , suggesting minimal changes in freshwater input to, and δ 2 H of, local moisture sources to western Greenland during our study interval. We therefore interpret the large changes in western Greenland summer precipitation δ 2 H to indicate changes in moisture transport history, specifically relative changes in distal versus local moisture sources.
Moisture sources exert a major influence on precipitation isotope variability at high latitudes (Bowen, 2016; Bowen et al., 2005 (Dansgaard, 1964) , this translates to a 320‰ difference in δ 2 H between midlatitude and high-latitude moisture sources. Rayleigh distillation along the transport path to western Greenland causes the strong 2 Hdepletion of distal moisture (Sime et al., 2013; Werner et al., 2001 ). While models only provide estimates of relative moisture source isotopic compositions, the large isotopic difference between source regions suggests that only minor changes in source area are needed to cause large changes in precipitation δ 2 H, which would be reflected in leaf wax δ 2 H, on western Greenland.
Western Greenland Climate 9.5 to 7.0 ka
We find that western Greenland experienced a prolonged period of cool, dry climate at 9 to 8 ka with warmer, wetter conditions before and after this period (Figures 2d and 2g) . At 8.7 ka, when temperature was lowest and summers driest (i.e., high ε ter-aq ), a shift to 2 H-enriched values in Sikuiui Lake δ 2 H aq and δ 2 H ter signaled a relative increase in the contribution of local moisture sources to western Greenland summer precipitation (Figure 2b ). After the 8.2 ka event, western Greenland became warmer and wetter in step with warming throughout the North Atlantic region (Kobashi et al., 2017; Rohling & Pälike, 2005) . A shift to 2 H-depleted leaf wax δ 2 H at 7.6 to 7.5 ka suggests more distal moisture, which punctuated an otherwise stable mixture of distal and local moisture sources to western Greenland until the end of our record at 7.2 ka.
Our finding that western Greenland summers were cool from 9 to 8 ka is similar to other summer-sensitive proxies throughout Baffin Bay (Figure 2 ). Glaciers reached maximum extents on western Greenland and Baffin Island during this time (Figure 1 ; Briner et al., 2009; Cronauer et al., 2016; Young et al., 2011 Young et al., , 2012 Young & Briner, 2015) . Cold stenothermic chironomid taxa at Lake CF8 on eastern Baffin Island were most abundant prior to 9.5 ka and 8.7 to 7.9 ka (Figure 2f , y axis reversed to be consistent with other temperature-sensitive proxies; Axford et al., 2009) . The timing differences between lakes CF8 and Sikuiui may be due to the influence of Atlantic water masses in eastern Baffin Bay versus Arctic water masses in western Baffin Bay (Figure 1 ). Cool and arid summers also occurred throughout the Northern Hemisphere 8.6 to 8.0 ka (Kobashi et al., 2017; Rohling & Pälike, 2005) . Sustained summer cooling has been attributed to continuous freshwater input from waning ice sheets, solar, and/or volcanic forcing (Figure 3 ; Kobashi et al., 2017; Rohling & Pälike, 2005) . The prolonged interval of cool, dry (Stuiver et al., 1995) , lines as in b;
(d) GISP2 temperature (Kobashi et al., 2017) ; (e) Labrador Sea carbonate abundance, indicating freshwater pulses from the Laurentide Ice Sheet (Jennings et al., 2015) , uncertainty plotted like time series in Figure 2 ; (f) timing and volume of Lake Agassiz floods (black; Teller & Leverington, 2004 ) and timing of major sea level rises (gray; Törnqvist & Hijma, 2012) ; (g) volcanic forcing (Kobashi et al., 2017) .
summers on western Greenland contrasted with winter proxy records, which changed abruptly at 8.2 ka, driven by glacial lake outbursts or iceberg rafting events that caused Atlantic Meridional Overturning Circulation (AMOC) to weaken (Kobashi et al., 2017; Rohling & Pälike, 2005; Stuiver et al., 1995; Törnqvist & Hijma, 2012) .
Hemispheric Summer Cooling Caused Decreased Poleward Moisture Transport
Our Sikuiui Lake reconstructions provide an opportunity to assess the mechanisms causing changes in Holocene RH and moisture sources on western Greenland. Prior to 6.8 ka, the West Greenland Current (Figure 1 ) was both weak and cool (Perner et al., 2013) , and low Baffin Bay sea surface temperature (SST) until 7.5 ka suppressed evaporation ( Figure 2C ; Gibb et al., 2015) . Thus, the apparent increased contribution of local moisture sources at 8.7 ka likely reflects decreased distal moisture transport to western Greenland. This decrease, in addition to minimal local moisture contributions, would cause drier conditions on western Greenland, consistent with low εter-aq and low inferred RH at Sikuiui Lake (Figure 2d) . A concurrent shift to 18 O-enriched values is not recorded in the GISP2 ice core (Figure 3d ; Stuiver et al., 1995) , perhaps because orographically induced 18 O-depletion during transport to high-elevation sites dominates the signal there (Faber et al., 2017) . Deuterium-excess records at GRIP and NGRIP demonstrate complex spatiotemporal variability in moisture sources on centennial time scales, possibly indicating the dominance of local moisture sources to NGRIP and distal moisture sources to GRIP during the 8.5 to 8.0 ka cool period (Frankenberg et al., 2009; Masson-Delmotte et al., 2005 ).
An important driver of Early Holocene climate change, and a potential cause of moisture source shifts, is freshwater suppression of the AMOC in the North Atlantic (Alley & Ágústsdóttir, 2005; Masson-Delmotte et al., 2005) . A weaker AMOC decreases ocean heat transport to high latitudes, which is partially compensated by increased atmospheric heat and moisture transport (LeGrande & Schmidt, 2008 ). Yet at Sikuiui Lake, we observe a decrease in distal moisture source contributions to summer precipitation, synchronous with cold, dry conditions (Figures 2b, 2d , and 2g). A weaker AMOC and consequent strengthened poleward moisture transport therefore was probably not the main cause of reconstructed arid summers on western Greenland 9 to 8 ka.
In contrast, cooling at both high and low latitudes decreases meridional atmospheric moisture gradients and, consequently, decreases poleward moisture transport (Sime et al., 2013; Skific & Francis, 2013) . The relative decrease in distal moisture source contribution to Sikuiui Lake 8.7 ka is synchronous with cold conditions there and with the start of a prolonged cold period at GISP2 (Figures 2b, 2g, and 2h; Kobashi et al., 2017) . A decrease in poleward moisture transport also requires cooling in low-latitude moisture source regions. There is evidence for low SSTs in the midlatitude and low-latitude North Atlantic region from 9 to 8 ka (Lea et al., 2003; Rohling & Pälike, 2005) . This hemispheric-wide cooling likely decreased poleward moisture transport 8.7 ka and enhanced summer aridity on western Greenland.
Local and Distal Moisture Source Contributions to Western Greenland Increased as the Northern Hemisphere Warmed
Warming at Sikuiui Lake, Lake CF8, GISP2, and at low latitude and midlatitudes after 8.2 ka (Axford et al., 2009; Kobashi et al., 2017; Lea et al., 2003) likely enhanced distal moisture transport to western Greenland (Figure 2b ). Yet the relative contribution of local moisture sources to western Greenland remained high after 8.2 ka. Baffin Bay summer SST remained low until 7.5 ka (Figure 2c ; Gibb et al., 2015; Moros et al., 2016; Ouellet-Bernier et al., 2014) , likely excluding Baffin Bay as a dominant local moisture source. The Labrador Sea, on the other hand, was relatively warm during this period (Gibb et al., 2015) and may have provided a local moisture source to western Greenland. Together, increased distal and local moisture transport would have made western Greenland more humid, consistent with higher ε ter-aq values and increased RH (Figure 2d) . A brief increase in distal moisture source relative contributions 7.7 ka coincided with lower summer SST in the Labrador Sea and Baffin Bay (Figures 2b and 2c ; Gibb et al., 2015) , which may have caused a decrease in local moisture evaporation. Continued warm conditions on Greenland (Figures 2g and 2h ) and at low latitudes would have maintained poleward moisture transport during this period.
Like Sikuiui Lake, precipitation at the NEEM ice core site (Figure 1 
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Accumulation at NEEM increased gradually prior to 9.0 ka (Figure 2e ), likely due to warming and sea ice retreat in northern Baffin Bay (Ledu et al., 2010) . After 8.5 ka, NEEM accumulation had strong similarities with RH at Sikuiui Lake: both were low and generally stable 8.5 to 8.2 ka, increased 8.2 to 7.8 ka, and stabilized thereafter (Figures 2d and 2e) . The similarity of the Sikuiui Lake RH and NEEM accumulation records provides further support for the interpretation that western Greenland summers were dry during prolonged cold conditions 9.0 to 8.0 ka, and subsequently became wetter as the region warmed and both distal moisture transport and local evaporation increased.
Conclusions
While the multiproxy approach we apply here cannot decipher the magnitude of poleward moisture transport or local moisture sources, application of this approach at sites throughout the Arctic may provide detailed descriptions of summer temperature, precipitation δ 2 H, aridity, and relative contributions of local and distal moisture sources during previous periods of abrupt climate change. Although attention has focused on the role of retreating sea ice cover and increasing local evaporation causing wetter Arctic winters (Bintanja & Selten, 2014; Faber et al., 2017; Kopec et al., 2016; Thomas et al., 2016) , we suggest that western Greenland summers also underwent large changes in precipitation sources and aridity during the Holocene. This finding is consistent with fluctuations in poleward moisture transport caused by hemispheric temperature and moisture gradients and is inconsistent with moisture transport changes resulting from regional meltwater forcing. Additionally, this reconstruction provides independent evidence that both mechanisms proposed as drivers of future summer precipitation in the Arctic (Bintanja & Selten, 2014; Dufour et al., 2016; Kopec et al., 2016; Skific & Francis, 2013; Zhang et al., 2013) , local evaporation and poleward moisture transport, operated in the past.
Today, poleward moisture transport mainly occurs during summer via cyclones concentrated at moisture gateways to the Arctic, including the Labrador Sea and the North Atlantic and North Pacific oceans (Dufour et al., 2016) . We have demonstrated that western Greenland, just downwind of the Labrador Sea gateway, experienced increases in poleward moisture transport during previous periods of rapid warming. This and other gateway regions therefore may be particularly sensitive to future changes in poleward moisture transport, via increased cyclonic activity (Dufour et al., 2016) . Ongoing warming and increased precipitation will drive complex responses in Arctic ecosystems, including increases in terrestrial and aquatic primary productivity and respiration (Larsen et al., 2014; Wrona et al., 2016) . This, in turn, may drive increases in carbon remineralization, thus amplifying warming and wetting trends (Wrona et al., 2016) .
